Features of particle multiplicities and strangeness production in central heavy ion collisions between 1.7 A and 158 A GeV/c by Becattini, F et al.
BI-TP 00/02
DFF 349/02/2000
Features of particle multiplicities and strangeness
production in central heavy ion collisions between 1.7A
and 158A GeV=c.
F. Becattini
Universita di Firenze and INFN Sezione di Firenze,
Largo E. Fermi 2, I-50125, Florence, Italy
J. Cleymans
Department of Physics, University of Cape Town,
Rondebosch 7701, Cape Town, South Africa
A. Kera¨nen, E. Suhonen
Department of Physical Sciences, University of Oulu,
FIN-90571 Oulu, Finland
K. Redlich
Institute of Theoretical Physics, University of Wroclaw,
PL-50204 Wroclaw, Poland.
Abstract
A systematic study is performed of fully integrated particle multiplicities in
central Au{Au and Pb{Pb collisions at beam momenta of 1.7A GeV, 11.6A GeV
(Au{Au) and 158A GeV (Pb{Pb) by using a statistical-thermal model. The close
similarity of the colliding systems makes it possible to study heavy ion collisions
under denite initial conditions over a range of centre-of-mass energies covering
more than one order of magnitude. In order to further study the behaviour of
strangeness production, an updated study of Si{Au collisions at 14.6A GeV is also
presented. The data analysis has been performed with two completely independent
numerical algorithms giving closely consistent results. We conclude that a thermal
model description of particle multiplicities, with additional strangeness suppression,
is possible for each energy. The degree of chemical equilibrium of strange particles
and the relative production of strange quarks with respect to u and d quarks are
higher than in e+e−, pp and pp collisions at comparable and even at lower energies.
The behaviour of strangeness production as a function of centre-of-mass energy
and colliding system is presented and discussed. The average energy per hadron in
the comoving frame is close to 1 GeV per hadron despite the fact that the energy
increases more than 10-fold.
Submitted to Phys. Lett. B
1 Introduction
After scouring results from relativistic heavy ion collisions at many dierent energies over sev-
eral years [1{3] some common traits are starting to emerge. Indeed, statistical-thermal models
have proved to be able to reproduce particle multiplicities in a satisfactory manner by using two
or three relevant parameters: temperature, baryon chemical potential and a possible strange-
quark suppression parameter, γs [4]. Such an analysis has been performed by many authors for
heavy ion collisions data from CERN SPS, from Brookhaven AGS and also from GSI SIS [5].
In this paper we present a simultaneous analysis of data from several dierent collisions, with
emphasis on the similarity of the colliding system in order to study the behaviour of parame-
ters as a function of centre-of-mass energy within one framework. Hence, we have focussed our
attention on central Au{Au collisions at beam momenta of 1.7A GeV (SIS), 11.6A GeV (AGS)
and on central Pb{Pb collisions at 158A GeV (SPS) beam momentum. The Au{Au data at
11.6A GeV are analyzed within a thermal model for the rst time here. As far as the choice of
data (and, consequently, colliding system) is concerned, our leading rule is the availability of
full phase space integrated multiplicity measurements because a pure statistical-thermal model
analysis of particle yields, without any consideration of dynamical eects, may apply only in
this case [6].
A point of considerable interest in heavy ion collisions is the enhanced production of strange
quarks per u, d quark with respect to elementary collisions [7] like e+e−, pp , pp . This could
be related to properties of the system at the parton level prior to hadronisation [3, 5, 7, 8]. In
order to further study strangeness production and enhancement at low energy, we also present
a new analysis of Si{Au collisions at 14.6A GeV (AGS) using only multiplicities obtained from
fully integrated phase space distributions. This also allows to cross-check results of previous
analyses [9, 10] performed using limited rapidity interval data.
In order to assess the consistency of the results obtained, we have performed the statistical-
thermal model analysis by using two completely independent numerical algorithms whose out-
comes turned out to be in close agreement throughout.
2 Data set and model description
As emphasized in the introduction, in the present analysis we use the most recent available data,
concentrating on fully integrated particle yields and discarding data that have been obtained
in limited kinematic windows. The only exceptions to this rule are the = and p=K− ratios
in Si{Au collisions [11,12] which were not available in full phase space. It has been decided to
keep them as they are the only available recent measurements involving antibaryons. We have
derived integrated multiplicities of +,  and proton in Au{Au collisions at AGS by performing
a Gaussian t to published rapidity distributions [13{15] with constrained mid-rapidity value
(yNN=1.6). The ts yielded very good 
2’s/dof: 0.87, 1.24 and 1.00 respectively. The integrated
multiplicities have been taken as the area under the Gaussian between the minimal ymin and
maximal ymax values of rapidities for the reactions NN ! NN, NN ! K for pions and ’s
respectively; the dierence between these areas and the total area under the Gaussian curve
has been taken as an additional systematic error. The area between ymin and ymax amounts to
about 99.9% of the total area for pions and about 95% for ’s. Ref. [14] quotes an additional
experimental systematic error of 10% on  multiplicity that we have added in quadrature.
Hence we obtain:
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h+i = 169:9 9:08 0:21
hi = 20:34 1:36 1:23 2:03
where the rst error is the Gaussian t error, the second is the systematic error due to the
variation of integration region and the third is the experimental systematic error. As to protons,
the extracted rapidity interval corresponding to the reaction N N ! N N is only 79% of the
total Gaussian area. The dierence between the two areas is too large to be considered as an
additional error; thus, in order to reduce the uncertainty, we have decided to take the ratio
p=+ extracted in the above rapidity interval rather than the proton multiplicity itself. This
yields:
hp=+i = 1:098 0:064 (1)
where the error includes both the t error and an error stemming from a 10% systematic un-
certainty quoted in ref. [15].
We have not included data on deuteron production because of the possible inclusion of fragments
in the measured yields. This is particularly dangerous at low (SIS) energies where inclusion or
not of deuterons modies thermodynamic quantities like =n [16].
The data analysis has been performed within an ideal hadron gas grand-canonical framework
supplemented with strange quark fugacity γs . In this approach, the overall average multi-
plicities of hadrons and hadronic resonances are determined by an integral over a statistical
distribution:





γsis exp [(Ei − µ  qi)=T ] 1
(2)
where qi is a three-dimensional vector with electric charge, baryon number and strangeness of
hadron i as components; µ the vector of relevant chemical potentials; Ji the spin of hadron i
and si the number of valence strange quarks in it; the + sign in the denominator is relevant
for fermions, the − for bosons. This formula holds in case of many dierent statistical-thermal
systems (i.e. clusters or reballs) having common temperature and γs but dierent arbitrary
momenta, provided that the probability of realizing a given distribution of quantum numbers
among them follows a statistical rule [7, 17]. In this case V must be understood as the sum
of all cluster volumes measured in their own rest frame. Furthermore, since both volume and
participant nucleons may fluctuate on an event by event basis, V and µ (and maybe T ) in
Eq. (2) should be considered as average quantities [7].
The overall abundance of a hadron of type i to be compared with experimental data is de-







Br(j ! i)nj (3)
where the branching ratios Br(j ! i) have been taken from the last issue of the Particle Data
Table [18].
It must be stressed that the unstable hadrons contributing to the sum in Eq. (3) may dier
according to the particular experimental denition. This is a major point in the analysis pro-
cedure because quoted experimental multiplicities may or may not include contributions from
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weak decays of hyperons and K0S. We have included all weak decay products in our computed
multiplicities except in Pb{Pb collisions on the basis of relevant statements in ref. [19] and
about antiproton production in refs. [12, 20]. It must be noted that switching this assumption
in Au{Au at SIS and AGS does not aect signicantly the t parameters whereas it does in
Si{Au.
The overall multiplicities of hadrons depend on several unknown parameters (see Eq. (2)) which
are determined by a t to the data. The free parameters in the t are T , V , γs and B (the
baryon chemical potential) whereas S and Q, i.e. the strangeness and electric chemical po-
tentials, are determined by using the constraint of overall vanishing strangeness and forcing the
ratio between net electric charge and net baryon number Q=B to be equal to the ratio between
participant protons and nucleons. The latter is assumed to be Z=A of the colliding nucleus in
Au{Au and Pb{Pb while it has been calculated to be 0.43 for central Si{Au collisions by means
of a geometrical model.
For SIS Au-Au and AGS Si{Au data we have required the exact conservation of strangeness
instead of using a strangeness chemical potential. This gives rise to slightly more complex
calculations [21] which are necessary owing to either very small strange particle production
(Au{Au) or a relatively small system size (Si{Au). The dierence between these strangeness-
canonical calculation and pure grand-canonical calculation of multiplicities of K and  for the
nal set of thermal parameters (see Table 1) turns out to be around 2-3% for K and  in Si{Au
but it is as large as a factor 15 in Au{Au at 1.7A GeV.
Owing to few available data points in SIS Au{Au collisions, we have not tted the volume V
nor the γs therein. The volume has been assumed to be 4r
3=3 where r = 7 fm (approximately
the radius of a Au nucleus) while γs has been set to 1, the expected value for a completely
equilibrated hadron gas.
The yields of resonances have been calculated by integrating Eq. (2) times a relativistic Breit-
Wigner distribution over an interval [m− m; m+ m], where m = min[m−mthreshold; 2Γ] and
mthreshold is the minimum mass required to open all decay modes. The non-vanishing width
of resonances plays a major role especially at low energies (e.g. SIS); for instance, (1232)
resonance creates pions more eectively than in case of vanishing width. The Breit-Wigner
distribution is normalized within the integration interval.
We have not used proper volume corrections in a Van der Waals type fashion which have been
considered previously [22].
A major problem in Eq. (3) is where to stop the summation over hadronic states. Indeed, as
mass increases, our knowledge of the hadronic spectrum becomes less accurate; starting from
 1:7 GeV many states are possibly missing, masses and widths are not well determined and
so are the branching ratios. For this reason, it is unavoidable that a cut-o on hadronic states
be introduced in Eq. (3). If the calculations are sensitive to the value of this cut-o, then the
reliability of results is questionable. We have performed all our calculations with two cut-os,
one at around 1.8 GeV (in the analysis algorithm A) and the other one at 2.4 GeV (in the
analysis algorithm B). The contribution of missing heavy resonances is expected to be very
important for temperatures  200 MeV making thermal models inherently unreliable above
this temperature.
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Table 1: Summary of t results. Free t parameters are quoted along with resulting minimum
2’s and s parameters.
Analysis A Analysis B Average
Au{Au 1.7A GeV
T (MeV) 49.61.12.2 49.71.12.3 49.62.5
B (MeV) 8101612 8131716 81121
γs 1 (xed) 1 (xed) 1
V (fm3) 1437 (xed) 1437 (xed) 1437
2/dof 14.9/2 15.0/2
s 0.00500.0034 0.00530.0015 0.00530.0018
Au{Au 11.6A GeV
T (MeV) 90.21.24.1 93.74.43.6 91.44.8
B (MeV) 549.34.96.9 549.87.52.8 549.68.2
γs 1.0020.0960.085 1 (xed) 1.000.13
V T 3 exp (−0:7GeV=T ) 0.8300.0580.211 0.9560.2190.117 0.8850.232
2/dof 1.87/2 1.79/3
s 0.2140.030 0.2430.017 0.2350.020
Si{Au 14.6A GeV
T (MeV) 133.13.91.4 138.34.90.4 135.34.5
B (MeV) 5923414 583346 58735
γs 0.8420.0940.067 0.8290.0920.125 0.8370.130
V T 3 exp (−0:7GeV=T ) 0.5270.0890.081 0.5700.0910.089 0.5470.124
2/dof 14.3/4 12.7/4
s 0.740.21 0.730.16 0.730.18
Pb{Pb 158A GeV
T (MeV) 186.49.52.1 174.76.78.9 181.310.3
B (MeV) 252134 2401410 24715
γs 0.8430.0440.030 0.9000.0490.068 0.8590.061
V T 3 exp (−0:7GeV=T ) 20.91.52.0 21.11.31.5 21.02.2
2/dof 18.9/6 22.5/6
s 0.6360.080 0.5620.045 0.5800.054
3 Results
As mentioned in the introduction, we have performed two analyses (A and B) by using com-
pletely independent algorithms.
In the analysis A all light-flavoured resonances up to 1.8 GeV have been included. The pro-
duction of neutral hadrons with a fraction f of ss content has been suppressed by a factor
(1− f) + fγ2s .
In the analysis B the mass cut-o has been pushed to 2.4 GeV and neutral hadrons with a
fraction f of ss content have been suppressed by a factor γ2fs .
Both algorithms use masses, widths and branching ratios of hadrons taken from the 1998 issue
of Particle Data Table [18]. However, it must be noted that dierences between the two anal-
yses exist in dealing with poorly known heavy resonance parameters, such as assumed central
values of mass and width, where the Particle Data Table itself gives only a rough estimate.
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The results of 2 ts are shown in Tables 1 and 2 for both analyses A and B. The agreement
is indeed very good and conrms the reliability of the results obtained. A dierence which
is signicant, i.e. larger than the error bars, concerns Pb{Pb ts, where the temperature is
higher in analysis A than in analysis B. However, this dierence is compensated by a dierence
in the values of γs which eventually makes the multiplicity of hadrons diering only by few
percents (see Table 2). Thus, the dierent mass cut-o produces a shift of minimum point in
the T -γs plane without aecting too much the primary multiplicity. This is a denite indication
that the mass cut-o does not spoil the physical meaning of the t results [23].
Table 2: Comparison between tted and measured particle multiplicities and ratios.
Reference Measurement Analysis A Analysis B
Au{Au 1.7A GeV
+/p [32] 0.0520.013 0.05305 0.05303
K+=+ [32] 0.0030.00075 0.003040 0.003035
−=+ [32] 2.050.51 2.0371 2.004
=0 [32] 0.030.0075 0.00109 0.009271
Au{Au 11.6A GeV
Participants [33] 36310 364.1 364.8
K+ [33] 23.72.9 21.27 21.57
K− [33] 3.761.45 5.001 4.751
+ [13] 169.99.1 167.8 166.8
 [14] 20.342.74 21.56 21.40
p=+ [15] 1.0980.127 1.048 1.010
Si{Au 14.6A GeV
Participants [34] 11510 99.43 96.38
+ [34] 333 34.79 35.85
−=+ [34] 1.090.13 1.296 1.202
K+=+ [11] 0.180.02 0.1564 0.1629
K−=− [11] 0.0340.004 0.02714 0.02624
p/K− [12] 0.0180.0034 0.01672 0.01687
= [11] 0.0030.0015 0.00217 0.00281
 [11] 0.090.04 0.1725 0.1595
Pb{Pb 158A GeV
(+ + −)=2: [19] 60030 536.4 540.1
K+ [19] 9510 99.40 101.4
K− [19] 505 54.18 58.77
K0S [19] 6012 75.71 79.34
p [19] 14012 155.0 153.8
p [19] 101.7 12.08 11.47
 [26] 7.81.0 8.933 8.394
− [27] 7.51.0 5.186 5.404
− + − [27,19] 8.21.1 7.024 6.985
= [19] 0.20.04 0.1606 0.1468
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For each analysis an estimate of systematic errors on t parameters have been obtained by
repeating the t
 assuming vanishing widths for all resonances
 varying the mass cut-o to 1.7 (analysis A) and 1.8 (analysis B)
 for Au{Au at 1.7A GeV, the volume V has been varied to V=2 and 2V
The dierences between new tted parameters and main parameters have been conservatively
taken as uncorrelated systematic errors to be added in quadrature for each variation (see Table
1). The eect of errors on masses, widths and branching ratios of inserted hadrons has been
studied in analysis A according to the procedure described in ref. [7] and found to be negligible.
Finally, the results of the two analyses have been averaged according to a method suggested
in ref. [24], well suited for strongly correlated measurements. Firstly, a simple no-correlation
weighted average has been calculated as the central value of each parameter. Secondly, the
error on it has been estimated by conservatively assuming that the results A and B are fully




















The correlation between analyses A and B clearly arises from the use of the same set of hadronic
data and theoretical model.
In Table 1 we also list the values of the Wroblewski factor s [25] measuring the number of








along with t and systematic errors. The ss and light quark pairs are computed on the basis
of primary multiplicities of all hadron species, i.e. before particle decays take place. The
behaviour of s as a function of collision type and centre-of-mass energy is shown in Fig. 1
including elementary and S{S, S{Ag collisions.
4 Discussion and conclusions
From the results obtained, an indication emerges that a statistical-thermal description of mul-
tiplicities in a wide range of heavy ion collisions is indeed possible to a satisfactory degree of
accuracy, for beam momenta ranging from 1.7A GeV to 200A GeV per nucleon. The large
2/dof in Au{Au collisions at 1.7A GeV is due to an underestimation of one ratio =0 (see
Table 2).
The temperature varies considerably between the lowest and the highest beam energy, namely,
between 50 MeV at SIS and 180 MeV at SPS. Similarly, the baryon chemical potential changes
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appreciably, decreasing from about 820 MeV at SIS to about 250 MeV at SPS. However, since
the changes in temperature and chemical potential are opposite, the resulting energy per par-
ticle shows little variation and remains practically constant at about 1 GeV per particle except
in Au{Au collisions at 11.6A GeV where it turns out to be signicantly lower; this is shown in
Fig. 2.
The supplementary γs factor, measuring the deviation from a completely equilibrated hadron
gas, is consistent with 1 at all energies except in Pb{Pb collisions where it deviates from 1 by
more than 2 . Nevertheless, though unlikely, a fully equilibrated hadron gas in Pb{Pb collision
cannot be ruled out at the present level of accuracy. In fact, it must be noted that γs turns
out to be closer to 1 in Pb{Pb collisions in comparison with previous analyses of older data
performed in a similar framework [7, 22]. The main reason for this variation is the availability
of new measurements [26, 27] of hadrons with two strange quarks, such as  and , which are
signicantly higher than older ones. In order to further investigate strangeness production in
Pb-Pb we have performed a consistency test between our tted parameters, based on NA49
measurements, and the multiplicities of multi-strange hadrons measured by the experiment
WA97 in central Pb{Pb collisions in a rapidity window 0:5 around mid-rapidity [28]. By
xing T , γs and B to the averaged values in Table 1 and adjusting the volume (i.e. an over-
all normalisation), we obtain a 2=dof = 18:1=6 which is fairly good taking into account the
limitation of phase space (see Table 3). One of the most surprising results of this analysis is
Table 3: Comparison between predicted particle multiplicities in central Pb{Pb collisions by
using tted T , B and γs quoted in the rightmost column of Table 1 and those measured by
WA97 [28]. The normalisation volume has been adjusted to minimise a 2 which turned out to
be 18.1. Calculated ;  multiplicities do not include a residual feeding from  decays in the








Ω + Ω 0.2654 0.410.08
the unexpectedly low value of T in Au{Au collisions at AGS. Despite a centre-of-mass energy
of nucleon nucleon collision only  0:5 GeV lower than for Si{Au collisions, the temperature
turns out to be 50 MeV lower. This is true also in comparison with previous Si{Au analyses
which found slightly dierent results [9, 10, 29]. Also s (see Fig. 1) is larger in Si{Au than
in Au{Au; however, the error in Si{Au is quite large and still allows compatibility of the two
results. The s dierence ultimately reflects the dierence in K
+=+ ratio which is denitely
lower in Au{Au than in Si{Au. While in Au{Au at mid-rapidity this ratio is 0:2020:011, [30]
and ’ 0:16 in the rapidity interval [0:6; 1:3] [ [1:9; 2:6] [13], our 4 extrapolated multiplicity
yields K+=+ = 0:140:02, whereas for Si{Au the corresponding ratio is 0:180:02 [11]. This
dierence leads to a lower temperature and lower s for an approximately equal value of γs .
The behaviour of γs as a function of centre-of-mass energy in heavy ion collision (including S{S
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and S{Ag [7]) is shown in Fig. 3 and seemingly indicates a progressive deviation from a fully
strangeness equilibrated hadron gas as centre-of-mass energy increases. On the other hand,
the behaviour of s factor (see Fig. 1) as a function of energy (provided that there is little
dependence on system size at xed
p
s, as the approximate equality of s in S{S and S{Ag
conrms) is still unclear due to large experimental uncertainties. The line shape is either com-
patible with a monotonically increasing curve, saturating at s ’ 0:45, or with a curve having a
maximum around Si{Au collisions (as predicted in ref. [31]), then decreasing and settling at an
asymptotic ’ 0:45 value or maybe decreasing further to the characteristic value of elementary
collisions. The simultaneous departure from a fully equilibrated hadron gas and the saturation
of s might be a signal of QGP formation.
Forthcoming lower energy Pb{Pb and high energy Au{Au data at RHIC should allow to clarify
the behaviour of strangeness production in heavy ion collision.
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Figure 1: Ratio of strange quark pairs to created non-strange quark pairs (Wroblewski factor)
as a function of nucleon-nucleon centre-of-mass energy. Values for S{S, S{Ag and e+e−, pp,
pp collisions have been taken from ref. [7].
12






















Figure 2: Fitted temperatures and baryon-chemical potentials plotted along with curves of
constant energy per hadron.
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Figure 3: Strangeness suppression factor γs as a function of nucleon-nucleon centre-of-mass
energy. Values for S{S, S{Ag and e+e−, pp, pp collisions have been taken from ref. [7]
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